We present InP-based photodetectors monolithically integrated with a 90 • hybrid toward over 400 Gb/s coherent transmission systems. To attain a wide 3-dB bandwidth of more than 40 GHz for 400 Gb/s dual-polarization (DP)-16-ary quadrature amplitude modulation (16 QAM) and 600 Gb/s DP-64 QAM through 64 GBaud operation, A p-i-n photodiode structure consisting of a GaInAs thin absorption and low doping ntyped InP buffer layers was introduced to overcome the trade-off between short carrier transit time and low parasitic capacitance. Additionally, this InP buffer layer contributes to the reduction of propagation loss in the 90 • hybrid waveguide, that is, this approach allows a high responsivity as well as wide 3-dB bandwidth operation. The coherent receiver module for the C-band (1530 nm -1570 nm) operation indicated the wide 3-dB bandwidth of more than 40 GHz and the high receiver responsivity of more than 0.070 A/W (Chip responsivity within the C-band: 0.130 A/W) thanks to photodetectors with this photodiode design. To expand the usable wavelengths in wavelength-division multiplexing toward large-capacity optical transmission, the photodetector integrated with the 90 • hybrid optimized for the L-band (1565 nm -1612 nm) operation was also fabricated, and exhibited the high responsivity of more than 0.120 A/W over the L-band. Finally, the InP-based monolithically integrated photonic device consisting of eight-channel p-i-n photodiodes, two 90 • hybrids and a beam splitter was realized for the miniaturization of modules and afforded the reduction of the total footprint by 70% in a module compared to photodetectors with the 90 • hybrid and four-channel p-i-n photodiodes. key words: digital coherent transmission, InP, 90 • hybrid, multimode interference structure, 
Introduction
The expansion of video streaming services and mobile terminals has continuously promoted the significant increase of data traffic, and it has accelerated the development of highspeed and large-capacity transmission. To cope with this demand, the digital coherent transmission technology using spectrally-efficient modulation formats, such as quadrature phase-shift keying (QPSK) and quadrature amplitude modulation (QAM) has been widely adopted for not only longhaul networks but also metropolitan area networks [1] - [4] . High port density which drives the miniaturization of optical components and low power dissipation is indispensable for Manuscript received August 7, 2018 . Manuscript revised December 4, 2018. † The authors are with Transmission Devices Laboratory, Sumitomo Electric Industries, Ltd., Yokohama-shi, 244-8588 Japan.
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cost-sensitive metro and data center interconnect applications, and the downsizing of a coherent receiver is inevitable for pluggable transceivers with a smaller footprint and lower power dissipation, like a 100 Gb/s form-factor pluggable (CFP/CFP2) transceiver. The downsizing of a 90
• hybrid waveguide for compact coherent receivers has been investigated through various approaches, such as the silica-based planar lightwave circuit (PLC), Silicon-photonics and InPbased monolithic integration technologies [5] - [10] . The InP-based monolithic integration of the 90
• hybrid and p-i-n photodiodes can offer the elimination of complicated alignments in the assembly process as well as a smaller footprint in packaging, resulting in low production costs and the stabilization of receiver performance with mature process technologies [11] . We have demonstrated the 32 GBaud compact coherent receiver module using InP-based photodetectors which have the high responsivity through the butt-joint (BJ) coupling structure consisting of the 90
• hybrid and four-channel p-i-n photodiodes [12] - [14] . In fact, this InPbased receiver has exhibited higher responsivity than that of InP-based receivers with the evanescent coupling structure consisting of the 90
• hybrid and photodiodes [15] and receivers with the PLC-based 90
• hybrid [7] thanks to the high optical coupling efficiency of the BJ coupling structure.
Furthermore, digital coherent transmission is very promising for over 400 Gb/s transmission systems in shorthaul networks (Transmission distance: 10 -100 km) including data center interconnect networks in addition to longhaul and metropolitan area networks [16] . InP-based photodetectors are very attractive for a wide 3-dB bandwidth of more than 40 GHz toward 400 Gb/s dual-polarization (DP)-16 QAM and 600 Gb/s DP-64 QAM with 64 GBaud operation [17] , [18] . Although the wide bandwidth operation of photodiodes causes the decline of responsivity owing to the reduction of an absorber volume, photodiode design which is compatible with the wide 3-dB bandwidth and high responsivity is strongly required to improve the minimum receiver sensitivity of signal light for pluggable transceivers with low power dissipation.
In this paper, we report InP-based photodetectors monolithically integrated with the 90
• hybrid toward 400 Gb/s and beyond coherent transmission systems using 64 GBaud operation. The outline of this paper is organized as follows. Section 2 discusses photodiode design to be compatible with the high responsivity and wide bandwidth operation and presents the properties of the photodetector integrated with the 90
• hybrid for 64 GBaud operation. To expand the usable wavelengths in wavelength-division multiplexing as one of the approaches to large-capacity optical transmission [19] , the photodetector for L-band operation is also discussed in Sect. 3. The monolithically integrated photonic device with eight-channel p-i-n photodiodes, two 90
• hybrids and a beam splitter is exhibited for the miniaturization of modules in Sect. 4. Finally, we summarize and give conclusions of this paper in Sect. 5. The measurement condition, such as bias voltage of the responsivity and smallsignal optical/electrical response in this paper was carried out in accordance with the specification of each receiver module. • hybrid and p-i-n photodiode sections for the InPbased photodetector monolithically integrated with the 90
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• hybrid [13] , [14] . The chip size was 4.1 mm × 1.6 mm. The 90
• hybrid is comprised of the 2 × 4 multimode interference structure (MMI) functioning as a 180
• hybrid for in-phase relation, the 45
• phase shifter and 2 × 2 MMI functioning for quadrature phase relation as shown in Fig. 1 (b) . In this 90
• hybrid design, the In-phase channels (CH-1 and CH-2) and the Quadrature channels (CH-3 and CH-4) are not spatially separated unlike that based on 4 × 4 MMI [20] . As a result, the output channels from the 90
• hybrid waveguide can be directly connected to 4-channel p-i-n photodiodes without waveguide intersections, which induce excess optical loss and crosstalk. Compact MMI design which has the narrower MMI width and shorter MMI length was adopted, since it was very effective for the reduction of the wavelength dependence of excess optical loss due to MMIs [21] . The asymmetric waveguide phase shifter (AWPS) with the delayed waveguide in one side of the Quadrature channels was adopted as the 45
• phase shifter, because this structure allows the phase shift exploiting the difference of the optical path length without the precise control of a waveguide width (equivalent refractive index). Hence, AWPS affords larger tolerance in waveguide width variation compared with the phase shifter exploiting the difference of the waveguide width [22] . Furthermore, in order to suppress the frequency dependence of the common mode rejection ratio (CMRR), the waveguide layout of the In-phase and Quadrature channels was designed by considering the reduction of skew in the 90
• hybrid, and skew was almost negligible in this 90
• hybrid structure, which was estimated to be less than 0.5 ps by theoretical analysis.
A buried heterostructure (BH) layer was selectively formed in photodiode sections to reduce the dark current and in SSC sections to achieve the high optical coupling efficiency between the free space optics of a module, such as a polarization beam splitter (PBS) and a beam splitter (BS) and the 90
• hybrid using the selective embedding regrowth technique. The low dark current of less than 5.0 pA at a reverse bias voltage of 3 V was obtained thanks to the reduction of the surface recombination at sidewalls of the deep-ridge stripe by the BH structure [23] . The difference of the dark current was also not observed in C-band and Lband photodiode design. In addition, the SSC core width was optimized to acquire optical coupling efficiency of more than 90% for an optical field consisting of the parallel Gaussian beam in horizontal and vertical directions, which corresponds to the mode field diameter (MFD) of 1.8 µm from the optical configuration with lens optical coupling in the receiver module. This MFD was optimized in accordance with vertical MFD which is restricted by the thickness of the upper InP cladding layer for the SSC section. On the other hand, the deep-ridge waveguide without the InP embedding regrowth was maintained for the reduction of wavelength dependence of excess optical loss and for precise phase control in the 90
• hybrid consisting of MMIs.
Photodiode Design for Wide Bandwidth Operation
In order to realize high-speed p-i-n photodiodes toward 64 GBaud operation, short carrier transit time and low parasitic capacitance in the photodiode are essential. Although a thinner absorption layer is required to obtain shorter carrier transit time, this approach causes the increase of parasitic capacitance in the photodiode. To overcome the trade-off between the two dominant factors, the low doping n-typed (n − )-InP buffer layer (N D < 1 × 10 17 cm −3 ) was introduced between absorption (GaInAs) and high doping n-typed (n + )-InP contact layers in the p-i-n photodiode structure. This n − -InP buffer layer keeps down the decrease in the width of the depletion layer and allows the compatibility of short carrier transit time and low parasitic capacitance in the p-in photodiode. As a result, parasitic capacitance of the p-i-n photodiode was around 35 fF at a reverse bias voltage of 5 V, that is, it's the improvement of 15 fF compared with the photodiode design for 32 GBaud operation [12] . In addition, the n − -InP buffer layer lies under the core layer (i-GaInAsP) of the 90
• hybrid as shown in Fig. 2 and contributes to the suppression of free carrier absorption loss due to the high doping of the n + -InP contact layer, that is, this waveguide structure compensates the decline of quantum efficiency caused by the designed thinner absorption layer for high-speed response. Hence, the optical propagation loss of this structure (0.06 dB/mm) was improved as compared with that of the previous structure (0.15 dB/mm) [24] , and high responsivity was achieved with the decrease of optical propagation loss in the 90
• hybrid waveguide as well as wide bandwidth operation through this n − -InP buffer layer [14] , [25] .
Device Performance
The fabrication process of the InP-based photodetector monolithically integrated with the 90
• hybrid using BJ and selective embedding regrowth processes was fully described in Ref. [12] - [14] and Sect. 4.1. Figure 3 shows the smallsignal optical/electrical response of the photodetector integrated with the 90
• hybrid for 64 GBaud operation. The wide 3-dB bandwidth of more than 46 GHz was achieved for four-channel p-i-n photodiodes under high optical input power condition (3 mA) at a reverse bias voltage of 5.0 V thanks to the p-i-n photodiode design with the thin absorption layer and the n − -InP buffer layer. Figure 4 shows the wavelength dependence of the responsivity for the photodetector integrated with the 90
• hybrid at a reverse bias voltage of 5.0 V over the C-band. The responsivity at a wavelength of 1550 nm including the hybrid splitting loss of 6.0 dB (intrinsic loss), the optical propagation loss of 0.4 dB and the fiber coupling loss (w/ AR coating) of 1.5 dB was as high as 0.146 A/W in the average of four-channel photodiodes, and the responsivity of higher than 0.130 A/W was acquired over the C-band. This high responsivity was achieved through the decrease of propagation loss using the n − -InP buffer layer in addition to high optical coupling efficiency with the BJ coupling structure consisting of the 90
• hybrid and p-i-n photodiodes. In fact, the responsivity including the fiber coupling loss of 1.5 dB for the discrete waveguide photodiode with the BJ interface (w/o 90
• hybrid) was 0.64 A/W at a wavelength of 1550 nm. From this result, we assume that excess optical loss at the interface of the BJ regrowth is less than 0.5 dB. The responsivity imbalance of the In-phase and Quadrature channels was also less than ±0.5 dB over the C-band through small loss imbalance of the 90
• hybrid consisting of 2 × 4 MMI, AWPS working as the 45
• phase shifter and 2 × 2 MMI. Figure 5 shows (a) the schematic diagram and (b) the photograph for a fabricated polarization and phase diversity intradyne coherent receiver (ICR) module [14] , [17] , [19] . The package body size is 12.0 mm × 22.7 mm × 4.5 mm, and it is small enough to install components into pluggable coherent transceivers, such as CFP/CFP2. Optical couplings between optical fibers and 90
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• hybrids are constructed with free space optics as shown in Fig. 5 (a) . Signal light propagating from a single mode fiber (SMF) is converted to collimated light by a collimator lens. A small portion (5%) of the signal light is split to the monitor photodiode (MPD) with BS. Then, the signal light is decomposed to TE polarized light and TM polarized light by PBS. The TE polarized light is coupled to the 90
• hybrid for Y-polarization through the lens. The TM polarized light is converted to TE polarized light using the half-wave plate (HWP). This TE polarized light is coupled to the 90
• hybrid for X-polarization through the lens.
The local oscillator (LO) light is also launched to the receiver through a polarization maintaining fiber (PMF). The LO light from PMF is coupled to the collimate lens, and this light is split with BS. The LO light is coupled to the 90
• hybrid for X-polarization and that for Y-polarization through the lens. A lens unit consisting of 2nd Lens and 1st Lens was adopted as shown in Fig. 5 (a) , since it has advantages for broadening the tolerance of lens alignment thanks to designing a combination of the focal length for 1st Lens and that for 2nd Lens. The variable optical attenuator (VOA) was located between PBS and 95:5-BS. Skew controller (SC) was used to compensate the difference of light path length between X-and Y-polarization. Figure 6 shows the small-signal optical/electrical response for the coherent receiver module using photodetectors monolithically integrated with the 90
• hybrid [14] , [17] . The 3-dB bandwidth of more than 40 GHz was confirmed as the output of SiGe-based trans-impedance amplifiers (TIAs) which has the transimpedance of 5 kΩ. Additionally, even though the intrinsic loss of 3 dB was caused by the separation of TE polarized light and TM polarized light in PBS, the receiver responsivity which is the average of two photodiodes in X-In-phase, X-Quadrature, Y-Inphase and Y-Quadrature was higher than 0.070 A/W over the C-band with the introduction of SSC as shown in Fig. 7 , [14] , [17] . Hence, these results revealed that this InP-based photodetector is very useful for coherent receiver modules with 64 GBaud operation toward 400 Gb/s DP-16 QAM and 600 Gb/s DP-64 QAM.
Expansion of Operation Wavelength to the L-Band
Although a responsivity declines due to a low absorption coefficient in the wavelength range of longer than 1600 nm even in photodiodes using a GaInAs absorption layer, the expansion of operation wavelength to the L-band (1565 nm to 1612 nm) has been discussed toward the further increase of data traffic, since higher order QAM with the higher optical-signal-to-noise-ratio (OSNR) has affected transmission distance [19] . In order to achieve the high responsivity over the L-band, the design of 2 × 4 MMI, 2 × 2 MMI and the 45
• phase shifter which are components for the 90 • hybrid was optimized to obtain high transmittance and small loss imbalance over the L-band. Furthermore, the bandgap edge of the GaInAs layer becomes close to the longer wavelength of the L-band. Especially, the absorption coefficient of the GaInAs layer steeply decreases in the low temperature range. To compensate for the degradation of the absorption coefficient, we optimized the length of the absorption layer along the propagation direction as shown in Fig. 2 , that is, the same thickness in the absorption layer was adopted for C-and L-bands.
The responsivity over C-and L-bands for the waveguide photodiode without the 90
• hybrid (total length of photodiode and waveguide sections: 0.9 mm) fabricated using BJ regrowth was evaluated at temperatures of −5
• C and 25
• C. Figure 8 shows the wavelength dependence of the responsivity normalized by that for a wavelength of 1615 nm at a temperature of 25
• C. The normalized responsivity at temperatures of −5
• C was almost constant over C-and L-bands thanks to the optimization in the length of the absorption layer. Figure 9 shows the wavelength dependence of the responsivity for the photodetector integrated with the 90
• hybrid at a reverse bias voltage of 1.6 V over the L-band. Al- though the responsivity is affected by the 90
• hybrid consisting of MMIs which has the peak wavelength of 1590 nm in transmittance, the responsivity at a wavelength of 1590 nm including the hybrid splitting loss of 6.0 dB (intrinsic loss), the optical propagation loss of 0.4 dB and the fiber coupling loss (w/ AR coating) of 1.5 dB was as high as 0.147 A/W in the average of four-channel photodiodes, and the responsivity of higher than 0.120 A/W was successfully achieved over the L-band. The responsivity imbalance of the In-phase and Quadrature channels was also less than ±0.5 dB over the L-band.
Moreover, by the introduction of the high-speed photodiode design concept represented in Sect. 2.2, the 3-dB bandwidth of more than 40 GHz for 64 GBaud operation was accomplished over the L-band [19] .
8-ch p-i-n Photodiodes Integrated with 90
• Hybrids
Device Design & Fabrication Process
Toward the further miniaturization of modules, such as IC-TROSA (Integrated Coherent Transmitter-Receiver Optical Sub-Assembly) for the next generation pluggable transceiver, a monolithically integrated photonic device consisting of SSC, BS, two 90
• hybrids and eight-channel (8-ch) p-i-n photodiodes was fabricated for a smaller footprint in packaging. Figure 10 shows (a) the photomicrograph and (b) the schematic diagram of 90
• hybrids for this integrated photonic device. 90
• hybrids for X-and Y-channels are comprised of 2 × 4 MMI for the In-phase channels (I-CH), 2 × 2 MMI for the Quadrature channels (Q-CH) and the 45
• phase shifter, respectively. On the input side of LO, 1 × 2 MMI was located as BS. Figure 11 shows the fabrication process of this integrated photonic device. A p-i-n photodiode structure with a GaInAs absorption layer was prepared on a semi-insulating 3-inch InP wafer by organometallic vapor-phase-epitaxial (OMVPE) growth [ Fig. 11 (a) ]. The waveguide section with the GaInAsP core layer and the photodiode section were combined using the BJ regrowth process [ Fig. 11 (b) ]. Deepridge waveguide stripes for SSC, BS, 90
• hybrid and photodiode sections were simultaneously formed by standard optical i-line stepper lithography and reactive ion etching (RIE) techniques [ Fig. 11 (c) ]. Fe-doped InP-BH layers were selectively formed to reduce the dark current in photodiode sections and to obtain optical coupling efficiency over 90% between the free space optics of a module and input waveguides of this integrated photonic device in SSC sections using OMVPE regrowth techniques [ Fig. 11 (d) ]. Although a relatively thin InP passivation layer was adopted in the photodiode section to suppress parasitic capacitance for a high-speed response, a thicker InP passivation layer was formed in the SSC section to acquire target MFD. Hence, the wider selective regrowth mask compared with that of the photodiode section was arranged on the terrace part in the side of the SSC waveguide [23] . Then, electrodes were evaporated for the p-and n-side ohmic contacts, followed by an anti-reflection (AR) coating on the optical input facet.
The chip size was 3.9 mm × 2.25 mm, and this monolithically integrated photonic device with various functionalities enables the reduction of the total footprint by 70% in a module as compared with that using previously reported 4-ch p-i-n photodiodes integrated with the 90
• hybrid [12] - [14] . ticeable leakage current was caused through the monolithic integration process of 90
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• hybrid waveguides and 8-ch p-i-n photodiodes using BJ regrowth.
The responsivity of 8-ch p-i-n photodiodes including the hybrid splitting loss of 6.0 dB (intrinsic loss), the optical propagation loss of 0.4 dB and the fiber coupling loss (w/ AR coating) of 1.5 dB was more than 0.110 A/W over the Cband at a reverse bias voltage of 5.0 V, that is, this value is sufficient for receiver modules. The responsivity at a wavelength of 1550 nm was as high as 0.141 A/W in the average of 8-ch p-i-n photodiodes. The responsivity imbalance of I-CH and Q-CH for both X-and Y-channels was also less than ±0.5 dB over the C-band through highly uniform deepridge waveguides using dry etching processes and small loss imbalance of the 90
• hybrid consisting of MMIs. With respect to BS consisting of 1 × 2 MMI, the difference of the responsivity between signal input and LO input ports was 3.0 ± 0.2 dB over the C-band, and it has sufficient property as a 3 dB coupler for BS.
The small-signal optical/electrical response of the integrated photonic device was evaluated as shown in Fig. 13 . The wide 3-dB bandwidth of 43 GHz was obtained in all 8-ch p-i-n photodiodes under high optical input power con-dition (Photocurrent: 2 mA) at a reverse bias voltage of 5.0 V. Consequently, these results indicate that this monolithically integrated photonic device has adequate properties toward the realization of small-footprint modules with 64 GBaud operation for 400 Gb/s DP-16 QAM and 600 Gb/s DP-64 QAM.
Conclusions
We demonstrated InP-based photodetectors monolithically integrated with the 90
• hybrid toward over 400 Gb/s coherent transmission systems. Coherent receiver modules for 64 GBaud operation indicated the wide 3-dB bandwidth (> 40 GHz) and the high receiver responsivity over the Cband (> 0.070 A/W) thanks to the photodetector with p-i-n photodiode design to be compatible with the high responsivity and wide 3-dB bandwidth operation.
The photodetector integrated with the 90
• hybrid optimized for the L-band operation exhibited the high responsivity (> 0.120 A/W) even in the wavelength range of longer than 1600 nm.
Finally, the InP-based monolithically integrated photonic device consisting of 8-ch p-i-n photodiodes, two 90
• hybrids and BS allowed the reduction of the total footprint for receiver modules in addition to good photodiode characteristics. From these results, we substantiated that the InPbased photodetector presents high performance and is very effective for future coherent transmission systems using over 400 Gb/s operation and pluggable transceivers.
